Mild to moderate hypothermia (30-33°C) re duces brain injury after brief «2-h) periods of focal isch emia, but its effectiveness in prolonged temporary isch emia is not fully understood. Thirty-two Sprague-Dawley rats anesthetized with 1. 5% isoflurane underwent 3 h of middle cerebral artery occlusion under hypothermic (33°C) or normothermic (37°C) conditions followed by 3 or 21 h of reperfusion under normothermic conditions (n = 8/group). Laser-Doppler estimates of cortical blood flow showed that intraischemic hypothermia reduced both postischemic hyperperfusion (p .;; 0.01) and post ischemic delayed hypoperfusion (p .;; 0.01). Hypothermia reduced the extent of blood-brain barrier (BBB) disrup-When blood flow is restored after brief periods of focal ischemia, infarct size is smaller than after per manent occlusion (Jones et aI., 1981; Marcoux et al., 1982; DeGirolami et aI., 1984; Kaplan et aI., 1991; Memezawa et aI., 1992). Restoration of blood flow after prolonged ischemia, however, may ini tially result in hyperperfusion followed by sustained and progressive hypoperfusion, the extent of which depends on the severity and duration of the isch-Abbreviations used: BBB, blood-brain barrier; CBF, cortical blood flow: ECA, external carotid artery; ICA, internal carotid artery; LDF, Laser-Doppler flowmetry; MCA, middle cerebral artery. 620 tion as estimated from the extravasation of Evans blue dye at 6 h after the onset of ischemia (p .;; 0.01). Hypo thermia also r,educed the volume of both brain edema (p .;; 0.01) and neuronal damage (p .;; 0.01) as estimated from Nissl-stained slides at both 6 and 24 h after the onset of ischemia. These results demonstrate that mild intrais chemic hypothermia reduces tissue injury after prolonged temporary ischemia, possibly by attenuating postisch emic blood flow disturbances and. by reducing vasogenic edema resulting from BBB disruption. Key Words: Blood-brain barrier-Brain edema-Delayed postisch emic hypoperfusion-Focal cerebral ischemia-Hypo thermia-Postischemic hyperperfusion.
Summary: Mild to moderate hypothermia (30-33°C) re duces brain injury after brief «2-h) periods of focal isch emia, but its effectiveness in prolonged temporary isch emia is not fully understood. Thirty-two Sprague-Dawley rats anesthetized with 1. 5% isoflurane underwent 3 h of middle cerebral artery occlusion under hypothermic (33°C) or normothermic (37°C) conditions followed by 3 or 21 h of reperfusion under normothermic conditions (n = 8/group). Laser-Doppler estimates of cortical blood flow showed that intraischemic hypothermia reduced both postischemic hyperperfusion (p .;; 0.01) and post ischemic delayed hypoperfusion (p .;; 0.01). Hypothermia reduced the extent of blood-brain barrier (BBB) disrup-When blood flow is restored after brief periods of focal ischemia, infarct size is smaller than after per manent occlusion (Jones et aI., 1981; Marcoux et al., 1982; DeGirolami et aI., 1984; Kaplan et aI., 1991; Memezawa et aI., 1992) . Restoration of blood flow after prolonged ischemia, however, may ini tially result in hyperperfusion followed by sustained and progressive hypoperfusion, the extent of which depends on the severity and duration of the isch-tion as estimated from the extravasation of Evans blue dye at 6 h after the onset of ischemia (p .;; 0.01). Hypo thermia also r,educed the volume of both brain edema (p .;; 0.01) and neuronal damage (p .;; 0.01) as estimated from Nissl-stained slides at both 6 and 24 h after the onset of ischemia. These results demonstrate that mild intrais chemic hypothermia reduces tissue injury after prolonged temporary ischemia, possibly by attenuating postisch emic blood flow disturbances and. by reducing vasogenic edema resulting from BBB disruption. Key Words: Blood-brain barrier-Brain edema-Delayed postisch emic hypoperfusion-Focal cerebral ischemia-Hypo thermia-Postischemic hyperperfusion.
emia (Haggendol et aI., 1970; Hossmann et al., 1973; Ginsberg et aI., 1978; Levy et al., 1979; Kag strom et aI., 1983; Marcy and Welsh, 1984) . Post ischemic hyperperfusion may exacerbate blood brain barrier (BBB) disruption and brain edema, both of which influence the outcome after ischemia (Laha et aI., 1980; Blasberg et ai., 1983; Iannotti and Hoff, 1983; Bell et aI., 1985; Shigeno et aI., 1985) . The influence of delayed postischemic hy poperfusion on the outcome after ischemia is un known. However, preventing this phenomenon pharmacologically has been shown to reduce infarct size (Steen et aI., 1983; Meyer et aI., 1990) .
Mild to moderate (30-33°C) hypothermia has been shown to protect the brain from the deleteri ous effects of focal cerebral ischemia (Chen et aI., 1992; Morikawa et ai., 1992; Ridenour et aI., 1992; Goto et aI., 1993) , possibly by reducing postisch-emic hyperperfusion (Morikawa et aI., 1992) . Re cently, we found that mild hypothermia induced just before or within 30 min after the onset of 2 h of ischemia in rats reduced postischemic hyperperfu sion and infarct volume (Karibe et aI., 1993) . How ever, hypothermia's effects on BBB permeability, brain edema, and delayed postischemic hypoperfu sion have not been investigated.
In this study, the effects of mild hypothermia on BBB permeability, brain edema, cortical blood flow (CBF), and extent of neuronal damage were exam ined in rats subjected to 3 h of temporary focal isch emia induced by r�versible middle cerebral artery (MCA) occlusion (Longa et aI., 1989) followed by 3 or 21 h of reperfusion. Previous studies with this model in our laboratory have shown that 3 h of temporary MCA occlusion results in postischemic hyperperfusion followed by severe hypoperfusion, vasogenic edema due to BBB disruption, and ex tensive hemispheric infarction (Chen et aI., 1991) .
MATERIALS AND METHODS

Animal preparation
Male Sprague-Dawley rats weighing 280-320 g each were anesthetized with 3% isoflurane, intubated with a 16-gauge angiocatheter, and mechanically ventilated with a rodent ventilator (model 683; Harvard Instruments, Inc., South Natick, MA, U.S.A.). Anesthesia was main tained with 1.5% isoflurane in a mixture of 70% N20 and 30% O2, Atropine sulfate, 0.04 mg, was injected intraper itoneally to minimize secretions. One femoral artery was cannulated with polyethylene tubing (PE-50) connected to a polygraphic monitoring system (model 79G; Grass Instrument Co., Quincy, MA, U.S.A.) to monitor arterial blood pressure; arterial blood was intermittently sampled for blood gas analysis (ABL30; Radiometer, Copenhagen Denmark). Respiratory adjustments were made to main tain normal arterial blood gases.
MCA occlusion
Focal cerebral ischemia was produced by a modified unilateral MCA occlusion technique (Longa et al., 1989) . Through a midline cervical incision, the right carotid ar teries were exposed under the operating microscope. The pterygopalatine artery was ligated with 5-0 silk suture near its origin. The external carotid artery (ECA) was dissected and isolated distally by electrocoagulating the branches of ECA, superior thyroid, occipital, lingual, and maxillary arteries. A 3-0 monofilament nylon suture, its tip rounded by heating, was introduced into the lumen of the ECA stump. The suture was gently advanced from the lumen of ECA into the internal carotid artery (ICA) for a length of 22 mm beyond the bifurcation of the common carotid artery, occluding the origin of the MCA. To allow reperfusion, the intraluminal suture was withdrawn from the ICA. Restoration of blood flow was verified by laser Doppler flowmetry (LDF) and by inspection of the ICA and MCA at sacrifice.
Meas�rement of brain temperature
Brain temperature was monitored with a 33-gauge ther mocouple temperature probe (CN9000; Omega, Stam-ford, CT, U.S.A.) connected to a digital thermometer (HH23; Omega). Through a small burr hole 3.5 mm lateral to the bregma, the probe was stereotactically lowered 5.0 mm from the skull surface, placing the tip in the lateral part of the caudoputamen, the ischemic core of this model (Nagasawa and Kogure, 1989) . Rectal temperature was mo � itored with an analog thermometer (43TA; Yellow Spnngs Instrument Co. Inc., Yellow Springs, OH, U.S.A.). Brain and rectal temperatures were maintained at 37°C for at least 30 min before the onset of ischemia.
Experimental protocol Experiment 1. Sixteen rats underwent 3 h of MCA oc clusion followed by 3 h of reperfusion. The rats were randomly divided in two groups. In eight rats, whole body hypothermia was induced with an ice pack; brain temperature reached 32-33°C within 10 min after the on set of ischemia and was maintained at this level during ischemia. The rats were rewarmed with a heating pad and a heating lamp; normothermia was achieved within 10 min after the onset of reperfusion and was maintained during reperfusion. In the remaining eight rats, brain tem perature was maintained at 37°C during both ischemia and reperfusion. Anesthesia was maintained and brain tem perature was measured throughout the experiment in all 16 rats.
Experiment 2. Sixteen rats underwent 3 h of MCA oc clusion followed by 21 h of reperfusion. The rats were randomly divided into two groups. Brain temperature was regulated as in experiment 1. During ischemia, eight rats were hypothermic and eight were normothermic; during reperfusion, all rats were normothermic. Thirty minutes after the onset of reperfusion, the incisions were closed, and the rats were returned to their cages and given free access to food and water. Three hours before the end of reperfusion, the rats were reanesthetized with 1.5% iso flurane in a mixture of 30% O2 and 70% N20 for intrave nous injection of Evans blue dye.
Measurement of CBF
To verify MCA occlusion and reperfusion, CBF was monitored by LDF (BPM2; Vasamedics, Inc., St. Paul, MN, U.S.A.) during ischemia and after the start of reper fusion in all rats (Dirnagl et al., 1989) . A burr hole was made 5 mm lateral and 0.3 mm anterior to the bregma. Under the operating microscope, the LDF probe (P433-1' Vasamedics, Inc.) was stereotactically placed 0.5 m� above the exposed dura mater; large blood vessels were avoided. To prevent dehydration and ensure a clear sig nal, the space between the dura and the probe tip was filled with saline.
In six rats from each group in experiment 1 (3 h of reperfusion), CBF values were recorded every 20 min during ischemia, every 10 min for the first 40 min of reper fusion, and every 20 min thereafter. CBF was calculated as a percentage of the baseline (Morikawa et al., 1992) .
Assessment of BBB permeability ..
In � ll rats, the permeability of the BBB was assessed by injecting 3% Evans blue dye in Krebs Ringer solution (0.5 ml) through a femoral vein catheter' 3 h before the end of rep � rfusion. At the end of the reperfusion period, the brainS were fixed by transcardiac perfusion of heparin ized saline followed by 4% formaldehyde in 0.1 M phos phate-buffered solution through the ascending aorta. The brains were removed and sliced coronally at I, 3, 5, 7, 9, and 11 mm from the frontal pole. The brain slices were photographed. To estimate the extent of BBB disruption, the stained areas in each section were measured with a videodigitizer image analysis system (MCID; Imaging Re search Inc., St. Catharines, Canada). The volume of stained tissue in each brain was determined by summing the stained areas of the six coronal sections and multiply ing by the interval width (2 mm).
The severity of BBB disruption was evaluated semi quantitatively based on the darkness of Evans blue dye staining, as described previously (Fredericks and Rapo port, 1988): 0, no staining; +, barely noticeable staining; + + , moderate staining; and + + + , dark staining.
Histological assessment
The extent of neuronal damage was measured in all brains. Each of the 2-mm brain slices was embedded in paraffin. From each slice, a 6-lLm section was cut from the posterior surface and stained with cresyl violet. The areas of neuronal damage in these 6-lLm sections obtained at 2-mm intervals were analyzed by the videodigitizer im age analysis system. To compensate for brain swelling in the ischemic hemisphere, the neuronal damage area of each slide was calculated by subtracting ipsilateral nor mal tissue area from contralateral normal tissue area (Swanson et aI., 1990) . The volume of neuronal damage was calculated by summing the neuronal damage areas from each slide and multiplying by the interval width (2 mm). Brain edema volume was estimated by subtracting the volume of the nonischemic hemisphere from that of the ischemic hemisphere (Kaplan et aI., 1991) .
Statistical analysis
Analysis of variance was used to determine the statis tical significance of differences in Evans blue dye vol umes, neuronal damage volumes, brain edema volumes, and physiological variables between the normothermic and the hypothermic groups. Multivariate analysis of variance was used to compare CBF between groups. The Mann-Whitney U test was used to compare differences in the severity of BBB disruption. Differences were consid ered significant at p :s; 0.01. All values are expressed as the mean ± SD.
RESULTS
Physiological variables
Except for artificially controlled temperature, all physiological variables were within the normal range throughout the experiments (Table 1) ; There were no statistically significant differences between groups except for mean arterial blood pressure, which, although still in the normal range, was lower in the hypothermic rats during ischemia.
CBF
In all rats, CBF was immediately reduced at the onset of MCA occlusion, and reperfusion was doc umented after withdrawal of the ICA suture. In both groups in experiment 1, CBF decreased to ap proximately 25% of baseline ( Fig. 1) at the onset of occlusion and remained at this level throughout the ischemic period; there was no significant difference in CBF between groups during ischemia.
When r' eperfusion was initiated, hyperperfusion was observed in normothermic rats (163 ± 13% of baseline) but not in hypothermic rats (101 ± 12% of baseline). During the first 40 min of reperfusion, CBF was significantly higher in the normothermic group (p � 0.01).
Delayed postischemic hypoperfusion was ob- served in the normothermic rats, but not in the hy pothermic rats. Between 100 and 180 min of reper fusion, CBP was significantly lower in the normo thermic group (p � 0.01). Three hours after the onset of reperfusion, CBP had decreased to 48.3 ± 16.0% of baseline in normothermic control rats but remained stable at 99.4 ± 6.3% of baseline in the hypothermic group.
BBB permeability
In rats subjected to 3 h of reperfusion (experiment 1), the volume of tissue stained with Evans blue dye was significantly smaller in the hypothermic group than in the normothermic group (38.7 ± 17.5 vs. 169.1 ± 53.2 mm 3 ; p � 0.01) (Fig. 2) . There was no significant difference in the darkness of staining between groups. Representative brain sections are shown in Fig. 3 . 
Time (min)
In rats subjected to 21 h of reperfusion (experiment 2), the lack of Evans blue dye staining in the majority of animals precluded measurement (data not shown).
Brain edema
In both experiments, the volume of brain edema was also significantly smaller in the hypothermic rats than in the normothermic rats (experiment 1, 75.2 ± 35.7 vs. 180.7 ± 56.3 mm 3 ,p � 0.01; experiment 2, 49.3 ± 32.5 vs. 97.8 ± 14.0 mm 3 , p � 0.01) (Fig. 4) . There was no signif icant difference in the volume of the nonischemic hemi sphere between the groups in either experiment.
Neuronal damage volume
Neuronal damage volume was significantly smaller in the hypothermic rats than in the normothermic rats (ex periment 1, 83.3 ± 19.4 vs. 199.9 ± 39.8 mm 3 , p � 0.01; experiment 2, 80.7 ± 38.9 vs. 181.4 ± 44.7 mm 3 , p � 0.01) ( Fig. 5) .
DISCUSSION
This study demonstrates that mild intraischemic hypothermia reduces postischemic perfusion distur bances, BBB permeability, brain edema, and neu ronal damage volume in rats subjected to prolonged (3-h) temporary focal ischemia. These results fur ther document the substantial protective effect of hypothermia (30°C) in global ischemia (Busto et aI., 1987; Minamisawa et aI., 1990) and brief periods (�2 h) of temporary focal ischemia (Chen et aI., 1992; Morikawa et aI., 1992) .
BBB permeability
Hypothermia has reduced BBB permeability in normal brain and in transient global ischemia. In normal rat brain, hypothermia lowered BBB permeability to [ 14 CJ_ sucrose, 1 2 5 I-bovine serum albumin, and a-eHJ aminobutyric acid (Krantis, 1983) . In rats subjected to transient global ischemia, hypothermia reduced BBB per- meability to horseradish peroxidase (Dietrich et al. , 1990) .
Increased BBB permeability is closely associated with postischemic hyperperfusion in hypercapnia (Fujiwara et al., 1981), hypertension (Johansson and Linder, 1981; Kuroiwa et al., 1985a; Hatashita et al., 1986) , and focal ischemia (Tamura et al., 1980) . Preventing hyperperfu sion inhibits both BBB opening and brain edema (Ting et al., 1986; Seida et al., 1988; Kuroiwa et al., 1989) . In temporary global ischemia, both increased BBB perme ability to horseradish peroxidase and arteriolar dilatation were observed in hyperthermic rats (39°C); however, the BBB remained intact in hypothermic rats (30-33°C) (Die trich et al., 1991) . It is possible that hypothermia reduces hyperperfusion, BBB permeability, and edema formation after temporary ischemia by suppressing vasodilatation. Several substances might mediate vasodilatation and postischemic hyperperfusion, including lactate (Lowry et al., 1964; Lassen, 1966) , adenosine (Seida et al., 1988) , leukotrienes, and neurotransmitter peptides. After tem porary bilateral carotid occlusion in hypothermic gerbils, leukotrienes were requced along with brain edema (Dempsey et al., 1987) . Neurotransmitter peptides such as substance P and vasoactive intestinal peptides are thought to mediate trigeminal sensory regulation of pial microcirculation (Moskowitz et al., 1990; Macfarlane et al., 1991) . Hypothermia reduces the release of neuro transmitters into the extracellular space (Busto et al., 1989; Baker et al., 1991) , and might also reduce the re lease of vasoactive neurotransmitter peptides.
Brain edema
Prevention of increased BBB permeability may explain the reduction of brain edema by intraischemic hypother- mia, as extravasation of serum protein due to BBB dis ruption results in vasogenic edema (Klatzo, 1985; Kuroiwa et aI., 1985b) . The paradoxical increase in free fatty acid levels (stearic and arachidonic acids) observed in hypothermic rats after 20 min of temporary global isch emia (Busto et aI., 1989) suggests that hypothermic pro tection against edema is not mediated by reduction of membrane lipid catabolism (Ginsberg et aI., 1992) . Hypothermia reduces excitatory amino acid (gluta mate) release in global ischemia (Busto et aI., 1989; Baker et aI., 1991) . Activation of the N-methyl-D-aspartate re ceptor by glutamate opens N a + channels (Rothman and Olney, 1986) , which may lead to cytotoxic edema (Roth man and Olney, 1986) . Therefore it is possible that hypo thermia may prevent not only vasogenic edema, but also the early onset of cytotoxic edema. In a rat model of temporary hypoxia-ischemia, hypothermia attenuated the increase in tissue impedance, an indirect measure of brain edema (de Boer et aI., 1989) . Since energy is re quired to maintain membrane ionic homeostasis and cell volume, suppression of endothelial or neuroglial edema could occur only if hypothermia reduced the energy de mands of synthetic reactions to shunt more ATP into maintaining basic cellular regulatory functions.
Postischemic hypoperfusion
Hypothermia may also exert a protective effect by pre venting delayed postischemic hypoperfusion. This hy pothesis is supported by several studies. Since a dissoci ation between metabolic activity and substrate delivery may occur (Snyder et aI., 1975; Levy et aI., 1979; Welsh and O'Connor, 1978; Paschen et aI., 1983) , preservation of normal CBF as observed in the hypothermic group could be expected to reduce infarct size (Steen et aI., 1983; Hall and Yonkers, 1988; Meyer et aI., 1990) . How ever, in some situations, the decrease in CBF is appar ently coupled to a parallel decrease in glucose and oxygen consumption, which suggests that the reduction in flow accompanies a primarily metabolic lesion of the brain (Pulsinelli et aI., 1980) . It is still controversial whether hypoperfusion reflects the lower metabolic demand of in farcted tissue or whether it is caused by vasoconstriction or edema that further aggravate ischemic neuronal dam age and infarction (Hossmann, 1990) .
In this study, hypothermia reduced both edema and BBB permeability, which may partly explain the attenu ation of delayed postischemic hypoperfusion in the hypo thermic rats. However, delayed hypoperfusion has been attributed to many other factors, including microvascular compression by extracellular or cellular edema (Chang et aI., 1968; Little et aI., 1976) , endothelial swelling and mi crovilli formation (Chang et aI., 1968; Paljarvi et aI., 1983; Dietrich et aI., 1984) , increased microvascular smooth muscle tone (Takagi et aI., 1977) , and changes in blood viscosity (Fischer and Ames, 1972; Safar et aI., 1976) or platelet aggregation (Dougherty et aI., 1977; Obrenovitch and Hallenbeck, 1985) . Further studies are needed to identify the reactions that mediate the prevention of de layed hypoperfusion by mild intraischemic hypothermia.
Other protective mechanisms of hypothermia
Other potential mechanisms of the protective effects of hypothermia include reduced energy metabolism (Roso moff lind Holaday, 1954; Michenfelder and Theye, 1968; Hagerdal et aI., 1975) and subsequent prevention of ATP depletion (Kramer et aI., 1968; Michenfelder and Theye, 1970 ) and prevention of the induction of molecular medi ators of neuronal injury such as protein kinase C and calcium/calmodulin-dependent protein kinase II (Churn et aI., 1990; Cardell et aI., 1991) . Since vasogenic edema resulting from extravasation of serum protein due to BBB disruption contributes to infarct propagation (Klatzo 1985; Kuroiwa et aI., 1985b) , the beneficial effects of hy pothermia on BBB permeability and edema formation may represent another specific protective mechanism in our experimental model.
Conclusion
Mild intraischemic hypothermia reduces the extent of BBB disruption, brain edema, postischemic CBF distur bances, and neuronal damage volume in rats SUbjected to 3 h of ischemia followed by 3 h of reperfusion; after 21 h of reperfusion, brain edema and neuronal damage volume were reduced. In previous studies, infarct size was re duced only if reperfusion occurred within 2 h after the onset of ischemia (Chen et aI., 1991) . The present study indicates that hypothermia induced at the onset of isch emia can extend the time period for benefit from restora tion of CBF to at least 3 h of ischemia. These results suggest that regulation of brain temperature to induce hy pothermia during ischemia could reduce brain injury after reversal of prolonged cerebrovascular occlusion in the clinical setting. and inhibition of calcium/calmodulin-dependent protein ki nase II in gerbils. 
